
a Fermi National Accelerator Laboratory 

UM-TH-93-04 

FERMILAB-Pub-93/025-A 
February 1993 

EXTENSION OF THE PARKER BOUND 
ON THE FLUX OF MAGNETIC MONOPOLES 

Eked C. Adams, Marco Fatuzzo, Katherine Ekeese 
Gregory Tar& and Richard Watkins 

Department of Physics, University of Michigan 

Michael S. Turner 
Department of Physics and Astronomy & Astrophysics 

University of C&ago 
. and 

NASA/Fermilab Astrophysics Center 

submitted to Physical Rem’cm Letters 
1 February, 1993 

e Operated by Universities Research Association Inc. under contract with the United Slates Department of Energy 



Extension of the Pa&et- Bound 
on the Flux of Magnetic Monopoles 

Fred C. Adw. Marco Fatuzro. Katherine Frecse, Gregory T&C, and Richard Watkins 
Deportment oj Phyricr. Uninrrity oj Michigan 

Ann Arbor. Michigan 481Og-1120 

Michael S. Turner 
Dep-wtmenl~ of Physics and Astronomy H Astrophysics 
The Univerrity of Chicago, Chicago, illin& 606.97-1497 

NASA/FermiLab A&mp+icr Center 
Fcmi Nat~onol Acalemtoor L&mto~, Bahia, nlinoir 60510-0500 

(submitted to Phys. Rev. Let:., February 1, 1993) 

Two new extensions of the Parker bound on the flux F ofma6netic monopola lead to stronger bounds than obtained 
previously: 1) survival and gmrth of a small Galactic seed field requires F < 10-‘6(m/10”GeV) cm-’ 3-l sr-‘, 
and ?) survival of a seed field.through prorogllactic collrpse placer even more stringent limits. but with greater 
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The possibility that magnetic monopoles may exist 
in the universe has long intrigued both theorists and 
experimenralists. Dina [l] first showed that magnetic 
monopola could be accommodated within ekctromag- 
netic theory if their magnetic charge, g, L given by aa 
integer multiple of hc/2e. ‘t Aooft and PolyaLov [2] 
later showed that magnetic monopoles arise aa topolog- 
ical defects in gauge theories; in particular, monopoles 
are a generic feature of Grand Unified Theories (GUTS). 
The mass of GUT monopoles is usually set by the scale 
of unification, thought to be - 10” GeV or 80; m - 
rnCUT/‘1GIJT - LO” Gev [3]. 

In the standard cosmology, the number of magnetic 
mooopola produced in a GUT phase transition is far too 
large to be compatible‘ with the observed energy density 
of the -universe: the .“monopole problem” (31. In &la- 
tionary models, massive entropy production reduces the 
monopole abundance within the ob6eervvable universe to 
an exponentially small value [4]. At prwent. no clear 
prediction exists for the expected density of monopola 
in the universe. Astrophysics. however, can provide clua 
for experimentalists about what monopole tlux to expect. 

In the last ten year6 the experimental search for 
GUT monopola has intensified. Their large mavrs 
(- 10”GeV) and small velocitiw (v - 10mJc) alerted 
experimentalists LO the possibility that conventional de- 
tection techniques may have missed the monopoles. I+- 
tially. small induction experiments were tried [5]. How- 
ever. once it was shown that scintiflators could respond $0 
slow GUT monopola [6], detectors were built with sew 
sitivities to fluxes approaching the astrophysical bounds. 
With the largest su+ detector coming on line (71, it is 
appropriate to recongider these bounds. 

Astrophysical boun& on the magnetic monopole flux 
fall into three classes: 1) bounds based on the mass den- 
Fity of monopoles either locally or in the universe, 2) 
bounds bwd on monopole catalysis of nucleon decay 
in neutron stara and white dwarfs. 3) bounds based on 
~nxtop~la draining energy from astrophysical magnetic 
fields. While Aux limits based upon monopole cataly- 
sis of nucleon decay are the most stringent [S], it L not 
obligatory that monopola catalyze nucleon decay. 

The original Parker bound, F < IO-‘6 cm-? s-l sr-‘, 
was obtained by’ requiring survival of today’s magnetic 
lield in the Galaxy, B * 3 x LO-6 G [9]. This bound 
wan reexamined and shown to he mass dependent [IO]. 
In th& Letter, we strengthen the Parker bound by con- 
sidering the evolution of a much smaller seed field early 
in the history of our Galaxy, B -, lo-” - lo-‘* G. This 
&naller field also had to survive the flux of monopoles 
traveling through the Galaxy. We obtain two bounds: 
-a) survival of the field from the time of the formation of 
the Galaxy to today. and b) survival of the field during 
protogdactic collapse. The second bound is stronger but 
inore speculative. 

Bounds fmm Evolution of the Alagneisc field m ihc 
&lazy: The time evolution of the magnetic field in the 
Galaxy is determined by competition berwen dynamo 
action, turbulent dissipation. and (possible) dissipation 
by a flux of magnetic monopoles. Although the details 
can be quite complicated [9.11.1?]. we obtain a good es- 
timate of the behavior of the magnetic field strengrb B 
through the equation 

Fg $=1~-o~2--, 
l+dB 

where atI quantities have been written in dimensi&less 



form: B is the magnetic field strength iquniu of 3 x 10q6 
G (the present day Galactic field strength); 7 is the 
growth rate of the field due to the Galactic dynamo in 
untts of 10-eyr-’ (the Galactic rotation rate); t is time 
in units of 10d yr; a representa the action of turbulent 
dissipation in units of (300 G-yr)-’ The final term rep- 
resents the dissipation of the magnetic field due to a flux 
of magnetic monopoia: here F is the flux in units of 
1.2 x 10-‘6cm-Zsr-‘s-’ and g is the magnetic charge in 
Dirac units (we t&e gzl). There is a net kinetic energy 
gained by monopola pas&g through the Galaxy result- 
ing in a net drain of energy t&m the magnetic field [9]. 
The particular form for the diisipation term depeu& on 
the quantity p E m17v’/& where ml, is the mesa of 
the monopole in units of 10” GeV, e is the coherence 
length of the magnetic field in units of 1 kpc, and v is 
the velocity of the monopoles as they impinge upon the 
magnetic region of the Galaxy, in units of lOSac [lo]. We 
expect a massive monopole to acquire this velocity due 
co gravitational acceleration by the Galaxy during infdl. 
Light monopoies (P < B) will be accelerated to higher 
velocities by the Gdactic field, while “heavy monopda” 
(JA > B) do not have their velocities changed sign& 
cantiy. At our position immened in the magnetic region 
of the Gdaxy. we expect light monopoles to be moving 
much faster than lOSac, while heavy monopolea rhould 
he moving at about 10~‘e. 

By defining 

V(B) = ;oB’ - $B’ + FB - Fp I.& + B], (2) 

we rewrite Eq. (1) a 

dB=L!!i 
dt dB.’ 

where we have implicitly assumed that the parameters 
7. a’. and fi all vary sufficiently slowly that they can be 
taken to be constants. 

The behavior of B(t) ia determined by V: The extrema 
of V are the fixed poinrs for the evolution of B; further, 
maxima are unstable fixed pointa and minima are stable 
fixed points. If the monopole flux exceeds the critical 
value F, = (pa + y)‘/4a. then V has a single extremum, 
a minimum at B = 0. In this case, the field strength 
evolves coward zero for all initial conditions. Thus F > 
F, ia not allowed. In the opposite limit, F < F,, the 
potential hao three extrema at B = 0. B,, and B-, where 
B+ ia of order the present strength of the Galactic field. 
Two pmaibilitia for the shape of the potential exist: 1) 
if 

F< YP. (4) 

then V ha a maximum at B=O and the field will evolve 
toward the minimum at B = B+ (see Fig. la). Thus. 
condition (4) represents a sufficient (but not necessary) 
condition on the monopole flui for the survival of the 

G&tic field. 2) U F Y> -r~, the potentiai hap minima 
at both B = 0 and B = B+ and a maximum at B- ~> 0 
provided that ‘I > #a (see fig. lb). In this cbse. the 
field edva to the vdue B+ provided that the inirial 
seed field strength B,J ir sufficiently large, 

fLi+ - + 
FIG. 1. Sketch of V for F < (1 + ,m)‘/4a. (a) For 

monopole flux F < ~1. there exista & single minimum (for 
paitive lidd rtren@h) u B+. (b) For monopole flux F > ti7, 
there e&t two minima (B = 0. E+). In this case. initial field 
strength8 of Bo > B- ue reqaired to ensure l voluticn to 
B=B+. 

Bo>B-+-{(?-tic+ 

[(I - ~0)’ - 4a(F - YP)] ’ 1. (5) 

This latter condition im& a flux limit of the form 

F < (ti + Ba)(l - aBa) I 
(ro + YF 

4a WI 

To summarize. in order for the Galactic magnetic field 
to grow to ita present strength. the tlux F of magnetic 
monopola must either obey bound (4) or bound (6). We 
&o note that-with Q = 0. V can have no stable fixed 
point (for B > 0). The physical significance of this result 
is that a tlux a monopoles cannot (by itself) reguiate the 
magnetic field strength in the Galaxy. 

The flux limits derived above depend on the value of 
the seed magnetic field. For 7 of order unity, a wed field 
larger than IO-?” G is required to produce the currently 
observed field strength (13.14). The origin of the s&d 
field ia unknown. though several generation mechanisms 
have been proposed [15.16]. Based on these proposed 
mechanisms, we consider a range 10SzoG < B. 5 lo-” 
C. Our new monopole Rux limit is shown M a function of 
mesa in Fig. 2. For rn.5 IO” GeV. our bound is tighter 
than th; previous Parker hound. A simple analytic esti- 
mate of our flux limit is 

for ml; :2;; sr,~l~~e~)cm-‘s-‘sr-’ 

II o II , and 

F < 3 x.lO-zzc~-‘s-‘sr-‘(Bo/lO-‘~G~. 
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for ” 5 3 x lcI”GeV(B,/10-~~G). 
Pmtogoiocfrc Collapse: Il’e now consider our sec:ond 

flux limit. obtained from considering the fact that some 
sort of seed magnetic field must survive during the for- 
mation of the Galaxy. During prowgalactic collapse. Eq. 
(1) can be written as 

dB 
z = YC.AI B - 

sF 
1 +/I/B’ (9) 

Acre, the ampliiication of the field ia due tu flux freezing, 
which produces an effective growth rate 7coil zz Z/r,,,, 
where r,,ll is the collapse time of the protogdaxy. Tur- 
bulent dissipation is not important for-the small field 
value at this time. Since the protogalactic collapse time 
is expected to be - lo9 yr rl7], the growth rate ‘~coll - 
0.2 in rhe dimensionless units defined previously. The 
dissipation term due to a flux of monopoles has the same 
form as before. Kowever. the coherence length L of the 
field is likely to be much larger during protogalactic col- 
lapse than today; this difference changes the value of J, 
for a given monopole mza. JI cc e-l. Although the value 
is highly uncertain. we expect L - 10-100 kpc. 
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FIG. ?. Monopole Rex limits u a function of the monopole 
m-s m in GeV. The line labelled TPB Bound shows the mod- 
ified Parker bound obtained in Ref. 8. The -lid lina show 
the extended Parker bounds of this paper. The line labeled 
R,., represents the bound obtained by wsuming nwnoplo are 
uniiormly disiribured throughout the universe but do net over 
claw the univene. If the monopoia are clustered with galax- 
ies. this &sure bound becoma weder by a Actor of 10’. 

If the monopole flux F < ,~-,~~ll, then the field survives 
and grows for all initial valua of the field strength. If, 
on the other hand. F > p7c0u, then only initial field 
strengths B > EC 5 F/T~,,,, - p will survive and grow. 
Thus, in order for a promgalactic field of strength B: 
to survive during collapse. the flux of m:onopola at that 
time must obey one of rhe tw bounds F < P^(~o(~. or. 

F < (Bi+p)y~~. We note that F = nv/4;r where n is rhe 
monopole number density, which scales with redshift & 
(l+~)~. Thus. the flux of monopoles today is constrained 
to be smaller than the bound described above bv a factor 
of (1 + 2~)’ - 10, where zgd is the rtdshift bf galaxy 
formation. This estimate (zgd z 1.2) is conservative and 
is applicable to normal ~&Z&S. For rcoll = 0.2 and 
e = 30 kpc, we thuJ have roughly 

F 5 lo-ID ( lo”,;ev) cm-G-Lsr-1. (10) 

It is evident from the above discussion that while the 
protogalactic collapse provides a tighter bound on the 
manopole flux than the galactic seed field bound, ttie 
uncertaintiw involved are mare severe. Indeed. one couid 
consider the implications of the survival of a seed field 
at earlier and earlier epochs. but with each additional 
“step” back, more uncertainries arise. 

The net result of this paper is to place further resrric- 
tiona on the allowed flux of magnetic monopoles. These 
limita are given ae analytic formulae in Eqs. (4). (6). (i). 
(8) and (10). In order to display all of these bounds 
on a single graph, we must adopt particular choice4 ior 
the parameters. For the bounds (4) and (6). we take a 
seed field strength Bo = IO-” G. For the prorogalactic 
bound (lo), we take (1 + z .)” = 10, ~<d, = 0.2. P = 30 
kpc and consider Ei = lo-& G. All other parameten BT~ 
set to uhity. The resulting bounds a a fun&on of rhe 
rnonopole ~IIIXU are shown in Fig. 2. 

The bounda presented here are nmre stringent than 
previous Parker bounds for monopole rnas.w below - 
llI”GeV, and they have been obtained using conserve- 
tive assumptions. In principle, Parker-type bounds can 
be evaded ifmonopolea participate in the maintenence of 
the galactic magnetic field through coherent oscillations 
[10,18]; in this circumstance the kinetic energy gained by 
monopoles is returned back to the field a half cycle later. 
Eonever. it seeme unlikely that monopoleoscillations can 
main&i the necessary-spatial and tempera coherence 
in the face of galactic inhomogeneitia and their grew- 
tational velocity dispersion [19]. Moreover. such scenar- 
ioe cannot explain the present field strength through the 
growth of a very small seed field. 

Figure 3 shows the current experimental siruation 
where the meet stringent experimental flux limits (90% 
C.L.) have been plotted vs. velociry. Indirect searches 
involving techniq’uea such as etched nuclear tracks or 
catalysie chat require assumptions ocher than the elec- 
tromagnetic interaction of the monopole have been ormt- 
ted. The combi& limit for all.searches based on ma-~ 
netic induction has been obtained from Ref. [20]. T!ie 
Bakaan ieault [21] and the currem MACRO result i?“;. 
are bared 6n scintillajion and together define the best 
limits to date for asrrophysically interesting monopoir 
velocities. The MACRO experiment (71 is jusr nw be- 
comings fully operaGo& and will approach a sensirlw! 
of 10~‘bcm-%r~‘s~’ in a little’over five years. 



As noted previously. -heavy” mondpoles (p > B) 
should be moving at speeds of order 10e3c within the 
Galaxy. while light monopola (p < B) move signif- 
icantly faster, having been accelerated by the galactic 
magnetic field. To compare our flu limits with the ex- 
perimentai resuits. ooe must specify the monopok -. 
For monopole masses < 10 ” GeV the extended Parker 
bound is more restrictive than the closure bound (see 
Fig. 2) and thus rules out the possibility that monopolea 
much lighter than 10L7 GeV provide closure density for 
the universe. 

FIG. 3. Direct l xpelimentd monopole flux &iu plotted 
as L function of the observed monopole velocity Y for re 
isotropic 6x1~ (solid lines). The extended Puker flux lim- 
its hrve &o been shown for monopde mwa of IO” GeV 
ud 10” GeV. The m&&mm monopole flux &wed by the 
extended Puker bound and the d.w.re bound obc&# for 
10” GeV. 
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